We implement a 4-level semiclassical model of a single pulse interacting with the hyperfine structure in ultracold rubidium aimed at control of population dynamics and quantum state preparation.
Ultracold atoms, with their minimal spectral broadening and long interaction times, are ideal systems to explore and implement quantum state preparation and manipulation [1] .
In particular, Raman processes in ultracold systems have proven to be a very useful tool in areas ranging from laser cooling and atom optics [2] to quantum information processing [3] and ultracold molecules [4] . The standard method of driving a stimulated Raman transition between two levels is to apply two beams of light, separated in frequency by the two level splitting [5] . Here we propose to use instead a single pulse which is frequency chirped trough the Raman resonance. This has the advantage of simplicity, high speed, and potentially efficient transfer. Specifically, we examine Raman transitions between the ground-state hyperfine levels of Rb upon interaction with a single linearly polarized and linearly chirped laser pulse. With chirped light, the excited-state hyperfine structure does not generally allow the realization of the ideal three-level system often assumed in Raman transitions. We deal with this complication by treating the atom as a 4-level system.
The linearly chirped pulse is described analytically as
Here E 0 (t) is the Gaussian envelope of the form E 0 exp(
, T is the time of the pulse peak intensity, τ 0 is the pulse duration related to the full width at the half maximum (FWHM) of the field E(t) as FWHM=τ 0 2 √ ln 2, ω 0 is the carrier frequency of the pulse at the peak value of the field, and α/2π is the linear chirp (GHz/ns). The atoms are considered to be in an ultracold dilute gas, thus eliminating Doppler shifting of the laser field in the atomic frame. Such ultracold gasses of atoms may be readily produced and contained in a laboratory setting using a magneto-optical trap (MOT) [6] . MOTs have been used to create ultracold gasses and perform, e.g., spectroscopy [7, 8] and quantum state manipulation [9] .
A semiclassical model is used to describe the interaction of a linearly chirped pulse with the hyperfine (HpF) structure of the ultracold Rb. The two-photon Raman transitions are investigated aiming at achieving full population transfer from the lower to the upper HpF state of the 5S orbital with the aid of the energetically higher 5P 1/2 or 5P 3/2 states. As an initial condition, the electron resides in the ground HpF state of the 5S orbital. Our goal is to determine the proper field parameters that may accomplish population inversion within the 5S orbital by taking advantage of the four optically allowed transitions that exist within both the D1 and D2 lines of 85 Rb and 87 Rb.
Such an analysis has been done before using a model of three-level Λ system which included two hyperfine levels of the 5S shell and the lowest hyperfine state of the P shell, [10] . It revealed that the population inversion within the 5S orbital was attainable using chirped, nanosecond laser pulses of beam intensities on the order of 1 kW cm 2 and one-photon detuning on the order of the 5S hyperfine splitting. In this paper, a model of the 4-level system is used to address all optically allowed transitions between hyperfine states belonging to that between the states with the same quantum numbers in the 5S shell, see Fig. (1) and [11] . Because of that, as our calculations show, a pulse having a duration on the order of
21 and a chirp rate satisfying the adiabaticity condition, populates the upper states |3 > and |4 > almost identically, demonstrating that the 4-level system behaves as an effective three-level Λ system. However, for longer pulses the resulting difference in the population of the upper hyperfine states may be significant. Thus, the model of the 4-level system is more general and gives a more complete picture of population distribution for the field parameters associated with higher spectral resolution. One of the main points of the present work is to analyze how including the second excited state affects the Raman transfer. This is important for experimental implementations since this fourth level cannot in general be eliminated.
A complete treatment would require inclusion of all the magnetic sublevels of each hyperfine level, but in an experiment, the system could be restricted to four states by preparing a single state via optical pumping and using selection rules based on polarization of the chirped light to restrict the number of states involved.
The field-interaction Hamiltonian used in the time-dependent Schrödinger equation readŝ
Here Ω R (t) ≡ −µE 0 (t)/h is the Rabi frequency with the peak value Ω R . If the one-photon detuning ∆ is equal to zero, the laser carrier frequency becomes equal to the ω 41 transition In our calculations, transition probabilities between hyperfine levels within these lines are considered to be equal. Besides, we ignore spontaneous emission because of our fast time scales.
We investigated numerically the population transfer within the 4-level system as a function of the pulse duration τ 0 , the linear chirp rate α/2π, the one-photon detuning ∆, (where ∆ = ω 0 − ω 41 ), and the peak Rabi frequency Ω R . Intuitively, we expect that a negative chirp should be implemented in order to perform the two-photon population transfer with a narrow-band pulse by sweeping through the one-photon resonances beginning from the high-frequency resonance with the |1 > −|4 > transition. The results of calculations for Ω R = 30.35 GHz (10ω 21 ) are shown in Fig.(2) . An informative region is presented by the FWHM from 1.0 ns to 5.0 ns and the α/2π from zero to ±5 GHz/ns. These ranges of parameters may be reached using a setup similar to that described in [12] . The figure shows that for pulses having τ 0 > ω −1 21 (FWHM = 0.56 ns) and a chirp rate such that |α/(2π)|τ 0 ω 21 , the solution is a Rabi type oscillation as a function of τ 0 and α/(2π) resulting in a periodic population transfer to the upper hyperfine state |2 > of 5S shell. For |α/(2π)|τ 0 > ω 21 , the dynamics follows the adiabatic regime.
For small values of FWHM, such that the pulse spectral width is 1/τ 0 > ω 21 , the population dynamics follows the pulse area solution. For such broad pulses, chirping is of a secondary importance since population inversion may be achieved following the pulse area solution.
When the condition |α/(2π)|τ 0 > ω 21 is satisfied, a smooth, adiabatic regime of population transfer to state |2 > may be achieved by implementing a lower intensity field satisfying the Landau-Zener adiabaticity condition |α/(2π)| << Ω 2 R . If we consider the peak intensity value of 833.8 W/cm 2 , which gives Ω R = ω 21 = 3.035 GHz, a significant population transfer to the final state |2 > is manifested starting from FWHM≈2.5 ns (τ 0 =1.5 ns) and α/(2π) = -2 GHz/ns, giving α/(2π)τ 0 ≈3 GHz; and the adiabatic regime is reached for FWHM≈3 ns and α/(2π) ≈-3 GHz/ns, see Fig.(3) . In the time-dependent picture, Fig(4,a) , as the pulse instantaneous carrier frequency gradually decreases toward the first one-photon resonance with ω 41 , the population adiabatically moves from the initial state |1 > to the final state |2 > through the excited state manifold. In the vicinity of the peak value of the field intensity and ω 0 ≈ ω 41 , almost half of the population has been transferred from the initial to the final state and about 1% resides in states |3 > and |4 >. As the instantaneous frequency further decreases toward the second one-photon resonance with the transition frequency ω 42 , more population is accumulated in the final state |2 >, resulting in almost complete population transfer to this state by the end of the pulse. The mechanism relies on two-photon adiabatic passage: As the frequency moves toward the first resonance, the excited states work as mediators in the off-resonant two-photon transition to the final state |2 >. When a gradual decrease in the instantaneous frequency leads to the second one-photon resonance with ω 42 , it accomplishes the two-photon resonance condition and effectively moves population from the excited states to the final state. The effective detuning switches sign at this point.
The rest of the pulse completes population transfer to the final state off-resonantly. A one-photon detuning on the order of the peak Rabi frequency leads to similar population dynamics with adiabatic passage to the final state, Fig(4,b) . Further increase of the onephoton detuning diminishes the contribution of the excited state manifold and prevents the adiabatic population flow to the final state for ∆ >> Ω R .
When a pulse of much longer duration and small negative chirp rate is applied, such that |α|τ 0 << ω 21 , no transfer to state |2 > is observed regardless of the field intensity; see 
